We report quadruple configuration interaction calculations within the extended Pariser−Parr−Pople Hamiltonian on the excited states of aggregates of polyenes, crystalline acenes, and covalently linked dimers of acene molecules. We determine the precise energy orderings and analyze the cluster wave functions in order to arrive at a comprehensive physical understanding of singlet fission in these diverse families of materials. Our computational approach allows us to retain a very large number of basis states and thereby obtain the correct relative energy orderings of one electron−one hole Frenkel and charge-transfer excitons versus intra-and intermolecular two electron−two hole triplet−triplet excited states. We show that from the energy orderings it is possible to understand the occurrence of singlet fission in polyene and acene crystals, as well as its near total absence in the covalently linked acene dimers. As in the acene crystals, singlet fission in the polyenes is a multichromophoric phenomenon, with the well-known 2 1 A − g playing no direct role. Intermolecular charge-transfer is essential for singlet fission in both acenes and polyenes, but because of subtle differences in the natures and orderings of the aggregate excited states, the mechanisms of singlet fission are slightly different in the two classes. We are thus able to give qualitative physical reasoning for the slower singlet fission in the polyenes, relative to that in crystalline pentacene. Our work also gives new insight into the complex exciton dynamics in tetracene crystals, which has been difficult to understand theoretically. Our large-scale many-body calculations provide us with the ability to understand the qualitative differences in the singlet fission yields and rates between different classes of π-conjugated materials.
INTRODUCTION
Singlet fission (SF) in organic materials, the process by which an optically excited spin−singlet intramolecular state S* dissociates into two lower-energy spin triplet excitons T, has been the focus of extensive investigation over the past few years. [1, 2] Provided specific energetic considerations are met in an organic donor−acceptor heterostructure, [3] each long-lived triplet exciton generated through SF in the donor molecule can in principle undergo charge dissociation at the donor−acceptor interface, thereby doubling the number of charge carriers compared to that obtained from the dissociation of the singlet exciton. SF-driven strong enhancement of per- formance has been found in pentacene−C 60 solar cells, [4, 5] and the process can clearly have a significant impact on the search for organic solar cells with even higher quantum efficiency. [6, 7] The fundamental requirement for efficient SF, based on energetic considerations, is E(S*) 2 × E(T 1 ), where E(S*) and E(T 1 ) are the energies of the singlet optical exciton and the lowest triplet exciton, respectively. Among various classes of organic materials fulfilling this requirement, [1, 2] aggregates of tetracene and pentacene, [4, 5, [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] acene derivatives, [20] [21] [22] [23] carotenoids and polyene crystals, [24] [25] [26] [27] [28] and 1,3-diphenylisobenzofuran [29] exhibit SF with T yield ranging from 100% to 200%. There also exist tetracene and pentacene derivatives which do not undergo SF. [30, 31] A unified theoretical understanding of SF in the various systems is clearly desirable for the synthesis of new materials exhibiting SF and with potential use in solar cells. This is the goal of the current theoretical research.
Existing theories of SF [23, [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] have almost universally focused on acenes (on pentacene in most cases), where it is generally agreed upon that SF is a multichromophoric process, and the triplets are generated from a triplet−triplet (hereafter 1 (TT)) state with two triplet excitons localized on different chromophores and with overall spin angular momentum of zero. The 1 (TT) state is also referred to as a multiexciton (hereafter ME) in the literature, as it is predominantly a correlated two electron−two hole (2e−2h) excitation from the ground state. The single question that has been investigated most intensively in this context is whether or not chargetransfer (CT) excitons (hereafter CTX) mediate the S* to 1 (TT) conversion. [32-34, 36-39, 44, 45] Some investigators have claimed that the 1 (TT) state is reached from S* in a single step, driven by Coulomb interactions consisting of two-particle intermolecular electron transfers. [32] [33] [34] 39 ] The origin of this idea lies in the especially rapid SF in pentacene, where SF occurs in ∼ 80 fs. [14] According to these authors, mediation by the CTX, being necessarily a two-step process (S* → CTX → 1 (TT)), would make 1 (TT) generation and the SF following it much slower. This viewpoint has been contradicted by the proponents of the CTX-mediated mechanism, [1, 36-38, 44, 45] who believe that the only requirement for the two-step process to be ultrafast is that S* and 1 (TT) are of nearly the same energy. Additional justification of the CTX-mediated process comes from the matrix element calculations of the Coulomb interaction involving two-particle hops, which have found this matrix element too small to explain femtosecond ME generation. [2, 36, 37, 42, 43] Theories emphasizing CT also differ in details themselves. A number of them find the CTX significantly higher in energy than S*, [33, 34, 36, 39] in which case a superexchange like mechanism of 1 (TT) generation from S* has been suggested. Yet other mechanisms have also been proposed. Time-resolved experiments have been interpreted as showing direct photoexcitation of a coherent superposition of S* and 1 (TT). [12] Yamagata [46] and Beljonne et al., [38] based on their fitting of the Davydov splittings in the absorption spectra of the acenes, claim that optical excitation here is to a state that is a quantum mechanical superposition of S* and CTX and that transition from this optically accessible state to the 1 (TT) occurs in a virtual one-step process. These authors have however also found that for intermolecular separation smaller than the equilibrium distance (i.e., very large intermolecular hopping) direct optical excitation to a state that is a superposition of S*, CTX, and 1 (TT) is possible. Zeng et al. [42] arrive at the same conclusion, but once again, only for artificially large intermolecular couplings. Finally, it has been suggested that SF occurs directly from S*, without going through any real or virtual intermediate state. [23] The above disagreements are largely due to the absence of understanding of the precise natures and relative energies of the electronic states relevant to SF. Equally importantly, there exist several additional questions beyond those that have been investigated so far. First, how do morphology and environment influence SF? It has been widely observed experimentally that structural arrangement of the chromophores often determines whether or not SF efficiency is high. [1, 2, 28, 31] Second, what is the mechanism of SF in carotenoid aggregates, [24] [25] [26] [27] [28] in which the well-known intramolecular 2 1 A − g state, which is a quantum-entangled single-molecule state of two triplets, [47] [48] [49] occurs below the optical 1 1 B + u exciton? [50, 51] (Here the superscript 1 indicates spin singlet nature of the eigenstate while the "plus" and "minus" superscripts refer to the charge-conjugation symmetry). Is SF here monomolecular, with the triplet excitons originating from the dissociation of the 2 1 A − g , or is the mechanism of triplet generation the same as in acenes? In either case, why is SF in carotenoids significantly slower [24] [25] [26] [27] 52] than in crystalline pentacene? Third, as has been noted by several research groups, although E(S*) < 2 × E(T 1 ) in tetracene, [53] a simple activated mechanism for SF appears to fail. [16] [17] [18] [19] What precisely is behind this complex exciton dynamics? Finally, beyond the simple acenes and their derivatives, SF has also been experimentally studied in the so-called covalently linked acene dimers. [30, 31] However, unlike acene crystals or even disordered films, [15] little to no SF occurs in the dimer molecules. [30, 31] There have been few, if any, theoretical discussions of SF in covalently linked acene dimers; [2, 36] whether or not the low yield of triplets in them can be understood within a comprehensive theory of SF remains an open question.
Our goal in the present work is to arrive at a broad theoretical framework for SF that can give qualitative and, wherever possible, semiquantitative answers to the above questions. Unlike existing quantum chemical approaches to SF, we make no attempt to calculate transition rates between excited states. This is because estimates of transition rates depend heavily on the calculated relative energies of initial and final states, which include the one electron-one hole (1e−1h) optical exciton and the CTX, as well as the 2e−2h 1 (TT) state and the 2 1 A − g . Treating 1e−1h and 2e−2h excitations on equal footing remains difficult for molecules with more than 8−10 electrons within first principles approaches. Getting the correct energy ordering of 2e−2h excitations in general requires configuration interaction (CI) with up to quadruple excitations (quadruple CI, hereafter QCI) from the ground state. [54] [55] [56] Over and above in the present case such calculations have to be performed for aggregates (at least dimers) of large molecules and lie outside the scope of standard quantum chemical techniques. Theoretical approaches to SF therefore mostly involve calculations based on a few excitations across a limited number of frontier molecular orbitals (MOs) of pairs of molecules. We will show that such approximations can lead to errors in the quantum mechanical descriptions of the multichromophore eigenstates relevant in SF. For our modeling of chromophore clusters we therefore take the opposite approach here and employ the semiempirical Pariser−Parr−Pople (PPP) π-electron Hamiltonian. [57, 58] Our approach allows us to perform CI calculations retaining up to quadruple excitations across a very large number of MOs (including the complete set in some cases), thereby ensuring accurate cluster excited state energy orderings. If one now makes the reasonable assumptions that (i) efficient transitions can occur between energetically proximate states and (ii) for SF to occur the 1 (TT) should be either the lowest excited state of the cluster or must be close in energy to an optical state, then a physical understanding of SF can be obtained from the excited state energy spectrum alone.
The PPP Hamiltonian has successfully addressed correlation effects in a variety of single chromophore systems [59] [60] [61] and in recent years has also reproduced experimental features in multichromophore systems. [3, 62, 63] In the present case, we will for the first time give a precise explanation of why SF in polyenes is multichromophoric, and the 2 1 A − g plays no role. A natural explanation of the much slower SF rate in polyenes compared to pentacene also emerges from our work. New insights on SF and exciton dynamics in tetracene, which have remained considerably less understood than in pentacene, are obtained. Finally, we give a clear explanation of the very low SF yield in covalently linked acene dimers. It is only through high-order CI studies of the PPP model that such a unified picture is obtained.
THEORETICAL MODEL, COMPUTATIONAL METHODS AND PARAMETERIZATION
Model Hamiltonian. We report QCI calculations for clusters of chromophores based on the modified PPP Hamiltonian consisting of intra and interchromophore terms
with
and
whereĉ † µiσ creates a π-electron of spin σ on carbon (C) atom i located in chromophore µ;n µiσ =ĉ † µiσĉµiσ is the number of electrons of spin σ on atom i within chromophore µ, andn µi = σn µiσ . The intramolecular one-electron hopping integrals t µ ij are between nearestneighbor C atoms i and j. We have, however, chosen long-range intermolecular hopping integrals t ⊥ ij between C atoms i and j (see below). U is the Hubbard repulsion between two electrons with opposite spins occupying the same atomic p z orbital; V ij is the long-range intersite Coulomb interaction between two electrons on a single chromophore; and V ⊥ ij is the corresponding interaction for different chromophores. Computational Approach. We use a basis of localized Hartree−Fock (HF) MOs of the individual molecular units in our calculations. [3, [62] [63] [64] This allows a clear distinction between excitations localized on a single molecule versus those that are delocalized over multiple molecules, as well as quantum mechanical superposition of these extreme configurations. For the very largest systems we are forced to ignore some of the outermost HF MOs in our QCI calculations. The number of MOs we have retained in all cases (cf. Supporting Information) is however significantly larger than what are retained within existing calculations. [33-36, 39, 42-45, 65] For precise classification of all excited states proximate to the optical exciton in a multichromophore system, the QCI wave function of the nth excited state is expanded in terms of single, double, triple, and quadruple e−h excitation configurations
where within each class the |ξ i |'s are sorted in a descending order. For each eigenstate we now calculate the wave function character density ρ = |ξi|≥0.1 |ξ i | 2 , corresponding to each class of excitations i (thus the calculated ρ for a given eigenstate allows us to classify it as predominantly 1e−1h, predominantly 2e−2h, ... etc.). In what follows we ignore configurations with |ξ i | < 0.1 and also 3e−3h and 4e−4h excitations (3e−3h and 4e−4h excitations in any event have |ξ i | < 0.1).
On the basis of such detailed analyses of the wave functions we are able to further classify [62] [63] [64] eigenstates dominated by 1e−1h excitations as (i) Frenkel exciton (hereafter EXC), if the excited electron and hole are localized on a monomer, (ii) polaron pair (hereafter P + P − ) if the electron and hole are completely charge separated and lie on different molecules, and (iii) CTX, if the wave function is a superposition of EXC and P + P − . Similarly, eigenstates dominated by 2e−2h excitations can have both excitations on the single monomer or on different monomers. In the energy region of interest (near and below the optical exciton), 2e−2h excitations localized on a monomer are the predominant constituents of the 2 1 A − g as well as of optically dark 1 B − u states (with additional contributions coming from configurations that are EXC). [47] [48] [49] These excited states are quantumentangled triplet−triplet states, where both triplet excitations occupy the same molecule. In the language of valence bond theory, these spin singlet excited states are covalent, [47, 48] as opposed to the ionic EXC states (2e−2h states can also be singlet−singlet; in this case they are doubly ionic, with two pairs of C + and C − ions; these have energies nearly twice that of the optical exciton [59] and are not of interest here). We will label such monomer 2e−2h 1 A − g and 1 B
− u excitations collectively as COV. Finally, there exist also eigenstates dominated by 2e−2h excitations in which two 1e−1h excitations occur on different monomers. These are overall spin singlet excitations consisting of two triplets on two monomers, which we will label as (TT) n , where n is a measure of the separation between the triplet excitations (n = 1 corresponds to nearest-neighbor triplets, n = 2 as next nearest neighbor, ..., etc.). In Scheme a−d we have given the schematics of EXC, P + P − , COV, and (TT) n excitations, respectively, for a dimer of two chromophores C1 and C2, where, however, we have included only the highest occupied and the lowest unoccupied MOs (HOMO and LUMO, respectively) in describing them. The actual wave functions can have contributions from excitations across much larger one-electron gaps. Note that the (TT) n configuration is a normalized superposition of three fundamental configurations, and the formal expression in the limited HOMO−LUMO basis of Scheme is
where a † iHσ (a † iLσ ) creates an electron in the HOMO (LUMO) of molecule i = 1, 2 and |G is the HF ground state. There are three distinct terms (since σ =↑, ↓) which correspond to (S 
Only the "plus" superposition in eq 6a is dipole allowed; the "minus" superposition is an optically "dark" exciton. CTX states are superpositions of EXC and P + P − with varying relative weights.
For further clarifications of our labeling scheme we note the following. First, multiple-chromophore systems are expected to have multiple excitonic states that are dipole-allowed, which is the origin of the experimentally observed Davydov splitting in these systems. Second, however, not all EXC states are optically allowed. Particularly when the two molecules in a dimer cluster are related by any symmetry operation, the odd superposition of the excitations on two molecules that are otherwise equivalent will be optically dark.
Parameters. Our parametrizations of H intra are as follows. The intramolecular hopping integrals are −2.4 eV for the phenyl C−C bonds unless otherwise stated and −2.2 (−2.6) eV for the single (double) bonds. These values are accepted as standard within correlated-electron models [47] [48] [49] (noninteracting Hückel models often use larger hopping integrals −2.7 to −3.0 eV in order to fit experimentally observed optical absorptions; such large values are neither appropriate nor necessary when Coulomb interactions are nonzero). The intramolecular intersite interactions are obtained from parametrization of the PPP model obtained previously, [60] 
ij , where R ij is the distance inÅ between C atoms i and j and κ is an effective dielectric constant. For the linear polyene calculations reported below, we use U = 8.0 eV and κ = 2. These parameters have been used extensively in the past, [60, 61] including for linear polyenes, [56] in all cases with excellent fits to experimentally determined singlet and triplet excitation energies. The Coulomb interaction parameters that we chose for our calculations on the acenes are slightly smaller, in order to reproduce the experimentally obtained energies of the spin triplet excitons (see below).
For H inter , we have chosen the same functional form for the intermolecular Coulomb interactions V ⊥ ij as in H intra . The value of the intermolecular screening parameter κ ⊥ is uncertain; we have taken this to be the same as the intramolecular screening parameter κ for simplicity. The intermolecular hopping integrals between C atoms i and j are obtained by adjusting β in the expression [62, 66] (7) with h min being the distance between the closest two C atoms located on two separate chromophores, β the hopping integral between those two C atoms, and δ = 0.045 nm. Unit vectorsn 1 andn 2 are normal to the surfaces of the chromophores 1 and 2 on atoms i and j, respectively. For our calculations on polyenes, we set β = −0.2 eV, which has been previously used successfully for multiple-walled carbon nanotubes. [66] For acenes, we have performed calculations for the range of 0 |β| 0.2 eV (cf. Supporting Information for details) to reproduce known experimental results. As mentioned above, and as we shall see from our calculations below, the parameters we have chosen can be further justified a posteriori, based on our ability to explain SF and associated trends in all the compounds we consider.
RESULTS AND ANALYSIS
Linear Polyenes. In carotenoids, the linear polyene backbone of alternant single and double bonds accounts for many of the physical properties related to their excited states. [67] In what follows, the benzene rings at both ends of diphenylpolyene molecules have been omitted to reduce the number of C atoms in our molecular clusters to what is numerically tractable. QCI calculations were performed for clusters of up to four octatetraene and three decapentaene molecules. We show the results only for octatetraene, as the results for decapentaene were similar in all cases. We investigated three different cluster geometries: (a) eclipsed, in which the polyene molecules are symmetrically stacked on top of each other (Figure 1a ), (b) slip-stacked, with molecules from the second layer onward shifted rigidly along the molecular axis (Figure 1b) , and (c) monoclinic (Figure 1c) . The eclipsed and slip-stacked geometries are unrealistic; our reason for adopting them is because they allow us to visualize the effects of aggregation in a systematic manner, by adding monomers one at a time.
As seen below, calculations with these structures also help in explaining why efficient SF may not occur even when energetic considerations are satisfied. Experimentally, carotenoid crystals have either the monoclinic or the orthorhombic structure, [68, 69] and the former is associated with efficient SF. [28] Eclipsed Geometry. Our computational results for this case are summarized in Table and Figure 2. Table lists the energies of different kinds of excited states, excluding the P + P − and CTX excitations. The excited states are identified from comparisons of the energies of the singlemolecule and multiple-molecule eigenstates. These identifications are further confirmed from the analyses of the multiple-molecule wave functions, as done in Figure 2 . In every case in Figure 2 , ρ gives the normalized weight of particular excitation components within the wave function of excited states indicated in the figure (thus, for example, the contribution by the (TT) n excitation components to the lowest excited state of two molecules of octatetraene in Figure 2a is 0.72. In reality the (TT) n contribution would have been even larger had we not ignored 3e−3h and 4e−4h excitations in our computation of ρ. Similarly the next two eigenstates in the twochromophore cluster in Figure 2a are derived from the single molecule 2 1 A − g state and so on). States 4, 5, and 6 in Figure 2a are seen to be of mixed character. Thus, state 4 is CTX, with P + P − contribution of ∼ 0.5 and EXC contribution of ∼ 0.25. Similarly state 6 is ∼ 0.55 (TT) n and ∼ 0.05 P + P − and so on. A number of features and trends are noteworthy regarding the results presented in Table and Figure 2 . First, there is little to no mixing between eigenstates that are predominantly 1e−1h and those that are predominantly 2e−2h when the number of molecules is even. The absence of coherent superposition of EXC and (TT) n , seen with even numbers of chromophores, persists for other geometries and other chromophores (see below). Of course such a superposition can be obtained for t ⊥ ij much larger than assumed in our work, but as we will see our parametrized t ⊥ ij with β = −0.2 eV already gives Davydov splittings larger than that observed experimentally and hence gives the upper limit to realistic t ⊥ ij . The optical excitons are easily identified in all cases from their nonzero transition dipole couplings with the multichromophoric ground state, as is indicated in Table . As seen in Figure 2 , among eigenstates with significant EXC character, the highest energy states are allowed optically, indicating the H-aggregate character of the eclipsed geometry. The energy of the optical exciton decreases with increasing number of molecules, a well-known effect that is in agreement with the experimentally observed redshift of the optical state in the solid. Our calculations also reproduce qualitatively the Davydov splitting between optical excitons expected in clusters. This is the energy difference between S * 1 and S * 2 in the figures. Our criterion here for determining that a given morphology is conducive to SF is that the lowest excited state necessarily be (TT) n (see however below for discussion of the tetracene excitation spectrum). Of particular interest in the present context therefore are the relative energies of the (TT) n , COV, and the CTX eigenstates. We have found that the multichromophoric (TT) n states not only include the lowest triplets T 1 but also can be composed of the next higher triplet T 2 (this is why the number of (TT) 1 states in Figure 2a − u , while the shift in the energies of T 1 as well as (TT) n is very weak. The increase in energies of the COV states, relative to the lowest (TT) n , has obvious significance for SF. We have therefore examined this very carefully, by performing QCI calculations for clusters of hexatrienes, for which for up to three chromophores all MOs could be retained in the calculations. Results identical to those shown in Table were found (cf. Supporting Information). Furthermore, with increasing number of chromophores, we have ascertained that the (TT) n states are superpositions of n = 1, 2 and n = 3, indicating the tendency to give a (TT) n band in which the two triplets are not bound. While all of these suggest efficient SF in this geometry, as indicated in Figure 2 , the optically dark CTX states progressively shift downward in energy with an increase in the number of chromophores and constitute the lowest-energy state for the four monomer case. The hypothetical eclipsed geometry is thus not conducive for SF, as the lowest excited state here is an excimer (the CTX is the lowest excited state of three eclipsed decapentaene chromophores in our calculations, indicating the role of chromophore size in addition to the geometry).
Slip-Stacked Geometry. We show the results for the slip-stacked geometry for four octatetraene molecules in Figure 3a . Even for small intermolecular hopping, the intramolecular center of inversion is lost, and eigenstates are no longer pure g or u. A pure one-photon forbidden 2 1 A − g state is thus replaced with a weakly dipole-allowed 2 1 A − g -derived state. All optically accessible states are strong superpositions of 1e−1h and 2e−2h configurations. More importantly, the lowest eigenstates are now pure 1 (TT) (the centers of inversion between pairs of molecules continue to persist for rigid translational shifts), and the excimer states occur above these. The slip-stacked geometry is thus conducive to SF. While our conclusion here is the same as in ref 2, the physical reason behind our result is very different. The previous results [2] were based on symmetry characteristics of the HOMO and LUMO of pentacene. Our result is a bandwidth-induced effect that is unrelated to symmetries of the molecules or the frontier MOs; specifically, large intermolecular hopping, as would occur for the eclipsed geometry, favors the excimer over 1 (TT). Note that this conclusion emerged here only after calculations for four monomers were done and calculations based on two monomers would have predicted the incorrect result. The smaller overall intermolecular hopping between MOs, as would occur for the slip-stacked geometry, reverses the energy ordering.
Monoclinic Geometry. Our calculations for the monoclinic geometry were done for four octatetraene chromophores. The wave function analysis corresponding to the states below the optical gap is presented in Figure 3b . Although we used the same β for the interchromophore hopping integral (cf. eq 7) as for the eclipsed geometry, the consequences of CT here are weaker, because of the larger intermolecular separation as well as the dependence of t ⊥ ij in eq 7 on the relative orientations of the chromophores (cf. Supporting Information for details). The optical state, as well as several dark states below it, is now almost purely EXC in character. H-aggregate behavior is seen again, with the highest among these being the optically allowed excitation from the ground state. The results in Figure 3b are different from those for the eclipsed geometry in two major ways. First, the (TT) n , CTX, EXC, and COV states now occur in bunches, unlike in the eclipsed case, where the energetic locations of states with the same character were more dispersed. Second, the lowest six states are now all (TT) n in character and are separated from the COV states (all derived from the 2 1 A − g in this case) by P + P − excitations. The (TT) n states are again at energies slightly higher than 2×E(T 1 ) (which implies exoergic separation into triplets) and also show signatures of band formation (indicating that the triplets are not bound). Efficient SF, in agreement with experimental observation [28] , is expected here.
The results of Figure 3b are in strong support of (i) the multichromophoric nature of SF in the polyene and carotenoid molecular crystals with delocalization of the triplets to distant chromophores due to aggregation and (ii) mediation of SF by the intermediate P + P − or CTX states. The mechanism of SF that one envisages from Figure 3b is rapid nonradiative relaxation from the optical exciton to the lowest (TT) n state, via the intermediate states. Whether or not the covalent 2 1 A − g states take part in the SF is difficult to predict from the energetics alone within Figure 3b . One possibility is that . Table ) . The lowest state in the tetramer is a CTX and not (TT)n.
SF involves internal conversion from the 2
1 A − g -derived states to the CTX, followed by relaxation to the (TT) n . An alternate possibility involves branching of relaxation channels, whereby excitations decay to the CTX and the The single chain mechanism however perhaps indicates bending and twisting of the long-chain polymer in the solution phase, such that different segments of the polymer are effectively decoupled. This can lead to CT between decoupled segments. We postpone the discussion of the relatively slower SF in carotenoids compared to the acenes until later.
Our calculations here place the (TT) n states below the COV 2 1 A − g , which we believe is necessary for efficient bimolecular SF. We have performed full CI calculations for our Coulomb interaction parameters (U = 8.0 eV, κ = 2) for octatetraene and decapentaene and have confirmed that E(2 1 A − g )> 2×E(T 1 ) in the single molecules. The relative locations of the 2 1 A − g and the (TT) n depend on both the correlation strength and the physical size of the molecule, as is easily understood from physical considerations. For strong Coulomb interactions, the single triplet exciton is strongly localized, and its physical "size" (correlation length, which is the expectation value of the separation between the triplet-coupled spins) is small. In such a case, the 2 1 A − g , which is a bound state of two triplet excitons, can be accommodated on a molecule that has length at least twice the size of the triplet exciton and E(2 1 A − g )< 2×E(T 1 ). This is true for octatetraene and decapentaene for the standard Ohno parametrization of the PPP Hamiltonian (U = 11.26 eV, κ = 1), as was found previously from exact single-molecule calculations. [47, 48] We have confirmed these results also from full CI calculations. For smaller and more realistic correlations, the size of the triplet exciton is larger, and in this case the state with two spin excitations has to be "squeezed" to fit into the short molecules; now confinement raises the energy, making E(
. A similar argument was made previously for the bound state of two charge excitons (biexcitons) in linear chains, and numerically demonstrated. [71] This effect can have an interesting consequence. On the one hand, with increasing chain length the energy of the lowest (TT) n state decreases relative to the 1 1 B + u , making SF more exoergic and hence possibly more efficient. On the other hand, even with intramolecular Coulomb interactions, as the chain length is increased a length should be reached where E(2 1 A − g ) becomes less than 2 × E(T 1 ). Assuming that intermolecular Coulomb interactions have not raised its energy too much, from this length onward the lowest 2 1 A − g and the lowest (TT) n state may be very close in energy, and this interference can be detrimental to SF since a smaller fraction of the excitations will end up as 1 (TT). In principle then, it is possible that SF efficiency reaches a peak at some intermediate molecular size. This would be interesting to examine experimentally.
To summarize this subsection: (i) the optical state in polyene clusters is an optically allowed CTX within the eclipsed geometry but a Frenkel exciton in the monoclinic crystal structure (several states are optically allowed with the slip-stacked geometry, but the state with the strongest oscillator strength is again a Frenkel exciton); (ii) the (TT) n states are the lowest excitations in the monoclinic structure and do not mix with the intramolecular 2e−2h 2 1 A − g , indicating that SF in polyenes is multichromophoric; (iii) neither do we find eigenstates that are superpositions of the EXC and (TT) n ; (iv) hence the SF in the monoclinic structure is mediated by the P + P − states, which are distinct eigenstates that occur between the EXC and the (TT) n ; and finally, (v) it is conceivable that SF yield in the polyenes peaks at some critical molecular size. We will see that the overall picture changes somewhat in the acenes. Pentacene and Tetracene Crystals. Our calculations here are for dimers (both tetracene and pentacene) and trimers (tetracene) of molecules occupying lattice sites of the characteristic herringbone crystal structure of acenes [72] shown in Figure 4a . We chose intramolecular Coulomb and hopping parameters slightly different from the polyenes, in order to better reproduce known single-molecule results. Thus, while for the peripheral C−C bonds on the circumference of the molecules we chose the standard t µ ij = −2.4 eV, for the internal bonds that are shared by the benzene nuclei we found better agreement with experiments by using t µ ij = −2.2 eV (the internal bonds are known to be weaker compared to the peripheral bonds [74] ). For the tetracene single molecule, QCI calculations with U = 5.0 eV and κ = 2
give the optical exciton and T 1 at energies 2.23 and 1.21 eV, compared to experimental values of 2.63 and 1.28 eV in solution, [75] respectively (E(S*)< 2 × E(T 1 ) only in crystals). For the pentacene single molecule, the experimental energies of the optical exciton and the triplet exciton are 2.12 and 0.78 eV, respectively. [75] The corresponding quantities are 2.23 and 0.92 eV, respectively, from QCI calculations with U = 6.5 eV and κ = 2. In general, increasing U increases the energy of the singlet optical exciton but decreases the energy of the triplet exciton; the need to fit both the singlet and the triplet exciton energies requires compromising to intermediate Coulomb strength. These reduced Coulomb interaction parameters will therefore be used for our calculations reported below for the multiple-chromophore cluster. We find the 2 1 A − g at 2.57 (3.02) eV for the single molecule of pentacene (tetracene), i.e., higher in energy than the optical one-photon states by 0.34 (0.70) eV. Our results for the lowest two-photon state for pentacene contradicts the earlier work by Zimmerman et al., who had found an intramolecular 2e−2h state below the optical state [33] and had suggested an intrachromophore SF. Recent experimental work on SF in amorphous films [15] and solutions [20] of acenes both suggest the multichromophoric nature of SF. As before, our multiple-chromophore calculations are for κ ⊥ = κ = 2. We have performed these calculations for a range of intermolecular t ⊥ ij , with 0 |β| 0.2 eV and appropriate relative angles between the p z orbitals on neighboring molecules for the herringbone crystal structure in eq 7 (cf. Supporting Information for details).
Pentacene. We present our results first for pentacene since SF here is exoergic and the discussion is more straightforward. For pentacene, QCI can be implemented for a maximum of two chromophores only. In Figure 4b , c, we have given the same wave function analysis as for polyenes, for the dimers I−II and I−III of Figure 4a , respectively, for β = −0.2 eV. There is a significant difference between the two dimers, although the lowest energy state in both cases is (TT) 1 . In the I−III dimer, because of the very large distances between the molecules, CT plays no role whatsoever, and higher excitations are pure EXC and P + P − . This is different in the I−II dimer, where we see three different optically allowed excitations labeled S * 1 , S * 2 and S * 3 , respectively, in increasing order of energy. S * 1 and S * 3 are CTX in nature, with wavefunction contributions from both EXC and P + P − (S * 2 has minor P + P − contribution as well). Figure 4d , e show the evolutions against β of all relevant wavefunctions of the I−II dimer as well as their energies and transition dipole couplings with the ground state. A complete and physical picture of the consequence of CT and its role in SF is obtained from the results presented in Figure 4d , e, as we now discuss. At β = 0, the dipole-allowed S * 2 and S * 3 are degenerate, and S * 1 is purely P + P − with no transition dipole coupling to the ground state. With in- creasing CT (|β|), S * 1 acquires EXC character and becomes dipole-coupled to the ground state, while S * 2 loses oscillator strength as S * 3 splits from it by acquiring P + P − contribution. Importantly, the (TT) 1 simultaneously acquires weak P + P − character, and S * 1 also has moved closer to (TT) 1 . Moreover, the (TT) 1 state energy 1.79 eV < 2 × E(T 1 )= 1.84 eV, indicating the binding energy between two T 1 triplets due to CT ((TT) 1 state energy is 1.83 eV at β = 0). Taken together, one therefore sees that in pentacene crystal there occurs an optical exciton that is very close in energy to (TT) 1 and that both the exciton and (TT) 1 have contributions from P + P − . We believe that the proximity in energies of S * 1 and (TT) 1 , the shared partial P + P − character, and the exoergicity of the reaction lead to rapid generation of (TT) 1 and are behind the high SF yield in pentacene. An important difference from the polyenes therefore is that there are no intervening states here between the initial and final states. The experimentally observed Davydov splitting is 0.14 eV. [76] Theoretically, this is the splitting between S * 1 and S * 2 , and from Figure 4e it seems β = −0.16 eV reproduces the experimental result closely. CTX character of the lowest 1e−1h excited states in pentacene has also been confirmed experimentally. [77, 78] Tetracene. For tetracene, we were able to perform QCI calculations for a cluster containing all three molecules I, II, and III in Figure 4a . However, as with pentacene, we first begin by looking at the I−II and I−III dimers whose energy-wave function analyses are presented in Figure 5a , b, again for β = −0.2 eV. Unlike pentacene, in tetracene the lowest 1 (TT) state is energetically higher than the optical exciton, and therefore it is taken to be the highest excited state in the energy window of our analyses. For the I−II dimer in Figure 5a , the (TT) 1 state has energy 2.5 eV, very close to 2×E(T 1 ) = 2.42 eV. Figure 5a , b is qualitatively similar to Figure 4b , c. Dimer I−III is again mostly irrelevant in the actual SF process, while as in pentacene in the I−II dimer the (TT) 1 state with partial P + P − character is proximate to an optical exciton (S * 3 in this case) with significant P + P − character. Our calculated Davydov splittings (S * 1 −S * 2 and S * 1 −S * 3 gaps) this time are 0.15 and 0.22 eV, respectively, at β = −0.2 eV, compared to the experimental 0.08 eV, [79] indicating that the realistic |β| once again is slightly smaller.
We show in Figure 5c , d the evolutions of the I−II tetracene dimer wave functions, energies, and transition dipole couplings to the ground states with β. The results are similar to those for pentacene. For β = 0 optical excitation is to degenerate S * 2 and S * 3 excitons. With increasing β, once again the S * 1 loses P + P − character, acquires EXC character, and gains oscillator strength, while the dipole-allowed S * 3 blueshifts and acquires P + P − character. Simultaneously the (TT) 1 state also acquires weak P + P − character. Thus, the mechanism of SF in tetracene is very similar to that in pentacene, in that direct transition occurs from an energetically proximate optical exciton with significant P + P − contribution to (TT) 1 with also partial P + P − character. One difference is that SF in tetracene crystals is probably still energetically uphill or at best nearly isoenergetic and, hence, less rapid than in pentacene. [1, 10] In Figure 5e , we have given the wave function analysis for the I−II−III trimer. The new result is that now the lowest 1 (TT) state has a contribution from the (TT) 2 component (triplets on I and III) that is more than three times the contribution from (TT) 1 (triplets on I and II), indicating a strong tendency to- wards triplet separation, in agreement with experimental observation. [19] A similar tendency toward rapid triplet separation is also expected in the pentacene trimer. An interesting difference between pentacene and tetracene crystals is that in the former SF is from the lowest optically allowed singlet exciton S * 1 , while in the latter it is from the highest, S * 4 in Figure 5e . This has an interesting consequence for exciton dynamics in tetracene. Several research groups have recently pointed out that the "prompt" fluorescence in tetracene appears to originate from two different emitters. [16] [17] [18] [19] Especially at lower temperatures a fluorescence channel opens up that appears to involve an emitter different from the one involved in SF. This lower energy emitter has variously been described as a "dark", [16] "dull", [17] or "trapped" [18] exciton. Our work suggests that this is simply the S * 1 exciton and not a structural defect as suggested in ref 16 . Further experimental work is necessary to distinguish between the two possibilities. Covalently Linked Acene Dimers. The high efficiency of SF in the acene crystals suggests similar high efficiency also in covalently linked dimers of such molecules. The two triplets in this case are expected to occupy the acene fragments individually. Direct covalent linking leads to too strong CT, as in bianthryl, [80] which we have seen is detrimental to SF (see discussion of eclipsed clusters of polyenes above). Müller et al. therefore investigated SF yield in three different bis(tetracene) molecules, linked through phenyl (tetracenes at para and meta positions) and biphenyl groups. [30, 31] In all cases the SF yield was insignificant, less than 3% for the best case. Müller et al. ascribed this to the redshift of the optical exciton in the bis(tetracene) molecule, relative to tetracene; since the 1 (TT) energy presumably stays the same in the dimers, the redshift of the optical exciton would imply larger activation energy to SF in this case. The very small shift in the optical exciton energy, as seen from the experimental solution absorption spectra (cf. Figure 1 of ref 31 ) suggests, however, that there is an additional and probably stronger reason for the tiny SF yield in the dimer (indeed, the authors have calculated the activation energies, and without assuming large differences in the prefactors in the Arrhenius rate equation, it is difficult to ascribe the gigantic difference in the SF yield to the difference in activation energy alone).
We have theoretically investigated the bis(tetracene) molecule of Figure 6a , to understand the low SF yield in covalently linked dimers. Because of strong steric hindrance, the phenyl group is expected to be rotated with respect to the tetracene segments. We assume that the twist angle θ is the same in magnitude but in opposite directions for the two tetracene groups (cf. Figure 6a) . The hopping integrals between the phenyl group and the pentacenes are taken to be t PB cos θ, [81] where t PB = −2.2 eV is the standard hopping integral corresponding to a C−C single bond. We have performed QCI calculations for the bis(tetracene) molecule for varying θ and show our results for the energies of the optical exciton and the 1 (TT) state of two triplets each located on a separate acene monomer in Figure 6b . Both energies rise rapidly with increasing θ. The very weak redshift in the experimental solution absorption energies of the bis(tetracene) molecules indicates that the realistic θ in these molecules is large, perhaps even close to 90 o , as is found also from ab initio calculations of the ground-state geometries. [31] For such large θ, we have found that excitations are almost entirely localized on the acene molecules without being delocalized also on the benzene linker. We have therefore labeled all intermolecular excitations with the suffix "AA". The formal expressions for EXC AA , P Figure 5b for the I−III dimer of tetracene. We ascribe the low SF yield to this qualitative difference in the physical nature of the wave functions, rather than to the small difference in activation energy. Unlike in Figure 5a , e, where an optically allowed CTX is proximate to the (TT) 1 with some P + P − component, states proximate to the T A T A are pure P + P − and are not optically accessible. Further, the P + P − states also separate the T A T A from the optically allowed exciton. Figure 6c also explains an apparently puzzling observation made by the authors of ref 31 . The dimer according to the authors should have had two allowed exciton states, and the authors were perplexed that no such splitting of the absorption band was observed. As noted in Figure 6c , the second exciton state is optically dark.
It is interesting in this context to also extend our calculations to the hypothetical bis(pentacene) molecule [36] since the issue of activation energy is not relevant in this case. We have performed the same calculations as for bis(tetracene) for bis(pentacene), assuming the same geometry. In Figure 6d , e, we have shown the θ-dependent energies and the wave function analysis for θ = 85 o for this case, respectively. Once again at this large θ states are pure T A T A , EXC AA , and P Figure 4c , which we have noted contributes little to SF. We predict extremely low SF here too because of weak CT, even though the reaction would be exoergic.
CONCLUSIONS
In summary, we have performed QCI calculations of several different classes of molecules and their clusters, with the specific goal of arriving at a comprehensive physical picture of SF in these systems. The attraction of the semiempirical approach is that it allows the inclusion of a very large number of basis functions, making it possible to treat all 1e−1h and 2e−2h excited states on equal footing. This is necessary for arriving at the correct energy ordering of the excited states in the clusters, which we have argued is essential to understanding SF. The widely recognized inequality E(S*) 2 × E(T 1 ) is a necessary but not sufficient condition for high SF efficiency. On the other hand, the PPP model QCI calculations allow us to explain the similarities as well as differences in SF between three different classes of materials without making additional assumptions.
For all the cases we have examined, we find that intermolecular CT plays a strong role in SF. The precise role and extent of CT, are, however, strongly dependent on structure and morphology. In the acenes SF involves a one-step transition from a proximate singlet optical exciton to the 1 (TT) state, where both the initial and final states share P + P − character. The very high yields and rate of SF in pentacene are consequences of the unique electronic structures of both the optical exciton and the 1 (TT) states in this case. Our proposed mechanism here is very close to that given by Beljonne et al., [38] for equilibrium separations between the pentacene molecules. We do not find a coherent superposition of EXC, P + P − , and 1 (TT) with significant contributions from all three, and indeed such a superposition is unexpected in the absence of direct coupling between EXC and 1 (TT). Such a superposition has been proposed by Chan et al. [12] and has also been calculated by Beljonne et al., for intermolecular separations smaller than equilibrium separations, when the large first order couplings between EXC-P + P − and 1 (TT)-P + P − pairs can give large second-order coupling between EXC and 1 (TT) if the P + P − state energy is not too large. Similar results were also found by Zeng et al., [42] who had calculated the eigenstates of the pentacene I-II dimer in the reduced space of the six basis functions that are obtained when only the HOMO and LUMO of each molecule are retained in the calculation (the ground state with both LUMOs unoccupied, two EXC and P + P − , and a single TT configuration as the basis components). Zeng et al.'s eigenstates are qualitatively similar to ours for equilibrium geometry, except that they also find a state that is a strong superposition of EXC, P + P − , and 1 (TT) when the couplings between the molecules are made artificially large by either bringing them closer to one another or by rotating them. In neither of these cases the authors calculate the Davydov splittings for the increased intermolecular couplings. It is our belief that the resultant Davydov splittings would be far larger than the experimentally observed quantities. This is substantiated by our determination that while with |β| ∼ 0.16 eV in eq 7 we are able to reproduce the experimental Davydov splitting of ∼ 0.14 eV for pentacene even for a modest increase to |β| = 0.2 eV in eq 7 calculated splittings exceed the observed values. We further believe that the mixing between EXC and 1 (TT) is reduced further for calculations within the complete basis space (as opposed to the reduced space of six basis functions) since all three classes of eigenstates, EXC, P + P − , and 1 (TT), now have contributions from higher energy excitations, CT involving which is less efficient. Corresponding to each of our normalized many-body wave function calculated with a complete to nearly complete basis, it is possible to calculate the error in the computed wave function had only the six basis functions of Zeng et al. [42] been retained. This is simply the total sum of the contribution to the wave function by all other basis functions that are ignored within the reduced basis space. Proceeding in this manner we have determined that while the errors in the calculations of EXC and CTX in pentacene are 16% and 12%, respectively, the corresponding error for 1 (TT) is 
20%.
In contrast to the acenes, in polyenes with the monoclinic crystal structure, the transition is from a pure optical exciton to a pure 1 (TT) and is at least a twostep process, via P + P − states. Whether it is even a three-step process with the 2 1 A − g as yet another intermediate or whether the relaxation of the singlet optical exciton occurs via two competing paths, one involving the 2 1 A − g and the other leading to SF, cannot be predicted from our calculations. In either case we expect slower generation rate of triplets through SF in the polyenes than in pentacene, in agreement with observations. [24-27, 52] Finally, errors incurred if the calculations of 1 (TT) states in polyenes are done in the reduced space of six basis functions are huge, close to 50%. This is because bonding (antibonding) MOs much lower (higher) than the HOMO (LUMO) make very significant contributions to the 1 (TT) here.
The roles of CT are extreme in the polyenes with the hypothetical eclipsed geometry and the covalently linked acene dimers with realistic geometry. In the former, CT is too strong, and as a consequence the lowest excited state is an excimer, rather than 1 (TT). Efficient SF is not expected here. There are many examples of real systems where excimer formation precludes SF. [80] The slip-stacked geometry is more favorable for SF than the eclipsed geometry because of weaker CT. In the covalently linked acene dimers, in contrast, there is too little CT. The 1 (TT) states in bis(tetracene) are separated from the lower energy optical exciton by the optically dark P + P − states at intermediate energy, precluding transition from the optical exciton to the 1 (TT). This explains the very low SF yield here. We predict similar low SF yield also in the hypothetical bis(pentacene).
The calculations we have reported are for a purely electronic Hamiltonian, and vibronic couplings have not been included. The effects of including vibronic couplings can, however, be guessed based on the general observation that vibronic couplings lower the energies of molecular ionic states more than that for neutral molecules. The same principle applies to excited states, where vibronic couplings lower the energies of charge-separated ionic states more than charge-neutral covalent states. Furthermore, the larger the electron−hole separation, the greater the energy lowering. Thus, energies of polaron pairs and charge-transfer exciton states, with the charges on separate molecules, will be lowered more than those of the intramolecular exciton, and the latter's energy will be lowered more than triplet−triplet states. From Figure 4b , this would imply even larger SF rate for pentacene where S * 1 becomes more proximate to 1 (TT). Conversely, S * 4 in Figure 5e becomes less proximate to the 1 (TT) above it in tetracene, and the SF rate is reduced slightly. In the monoclinic carotenoids, given the very large numbers of states involved not much change is expected. In the case of the bis(tetracene), vibronic couplings will not make any difference, as the states closest to the triplet−triplet are pure polaron pairs that are not optically accessible.
Finally, our work here has focused on the mechanism of SF alone and not whether the molecules we have investigated will be particularly useful in enhancing photovoltaic performance. A necessary condition for the triplets undergoing charge dissociation at a donor−acceptor interface is that the donor−acceptor exciplex has even lower energy. [3] This condition is currently satisfied by relatively few heterostructures, the most well-known example of which is the pentacene−C 60 solar cell. The low triplet energy in this case is the reason behind the very small open-circuit voltage, [4] [5] [6] which reduces the performance of the solar cell even though the number of charge carriers is large. Organic donor molecules with significantly larger triplet energy than acenes are therefore of interest, and we are aware of experimental investigations of polycyclic aromatic hydrocarbons (PAHs) with large optical and triplet gaps as candidates for efficient SF. [ 
